typically 10 to 20 km (20, 21) . The authors of (22) conducted a global admittance study and found values of elastic thickness of 0 to 50 km at both Dione and Themis Regiones. Their analysis also shows regions of large elastic thickness, up to 100 km, in the northern portion of Dione Regio covering Ushas Mons. Estimates of average apparent depth of compensation (ADC) for Dione and Themis Regiones are 130 km and 100 km (21) , respectively. The elastic thickness at Imdr Regio cannot be reliably estimated due to the low resolution of the gravity field in that region (53). Stofan et al. (18) estimated an ADC of 260 km, which is consistent with a deep plume. 20 . M. Simons, S. C. Solomon, B. H. Hager, Geophys. J. Int. 13, 24 (1997 Fig. 1 and fig. S1 ). This behavior has been used to develop and support a model for the Neoproterozoic (1000 to 542 Ma) carbon cycle in which invariant d
13
C org values result from a very large oceanic reservoir of 13 C-depleted dissolved organic carbon (DOC) and particulate organic carbon (POC) (or, alternatively, sourced from a large sedimentary reservoir) that overwhelms the signal from primary biomass fractionated from contemporaneous DIC (4). We consider the large oceanic reservoir model and, as in (2), use the term DOC to collectively refer to organic carbon that is truly dissolved as well as suspended colloidal organic carbon and fine POC. The buildup and maintenance of a large DOC pool implies low C org remineralizationperhaps associated with low oxygen and sulfate levels-but high nutrient liberation efficiency. In such an ocean, the d C org values remained constant at -25‰ (Fig. 1) . Unlike during the Shuram-Wonoka anomaly, there was not an increase in the variability of d This timing for the growth of the DOC pool and the onset of non-steady-state dynamics is consistent with very low sulfate levels in the Cryogenian oceans (9) and a return to ferruginous conditions in the deep ocean during early 
Downloaded from
Cryogenian glaciation (10, 11) . In such an ocean, decreased rates of aerobic respiration and bacterial sulfate reduction would slow organic carbon remineralization and extend the residence time of DOC. Preferential remineralization of organic P over C, as occurs with increasing depth in the modern ocean (12) , could increase the C:P ratio of DOC with the liberated phosphate, helping to sustain the productivity necessary to accumulate a large DOC pool. Furthermore, anoxic bottomwater conditions would favor burial of high C:P organic matter because of decreased burial of P bound to Fe oxyhydroxides (13), further maintaining nutrient supply and sustaining the primary productivity required to explain elevated Cryogenian d
13
C carb values (14) . The return to ferruginous ocean conditions and the buildup of DOC can be explained as a consequence of global glaciation. The development of a thick continental regolith of unconsolidated, chemically leached debris and soil during the 1.5 billion years between the~2.2-billion-year-old Paleoproterozoic Makganyene glaciation of South Africa (15) and the~720-Ma early Cryogenian pan-glacial event (16) would have suppressed the Fe:S ratio of continental runoff. After reaching a depth of~0.5 m, the thickness of regolith is inversely proportional to the weatherability of the top of bedrock (Fig.  2B) (17, 18) . Although the average concentrations of Fe oxides are similar between sedimentary rocks and the rest of the upper continental crust, the average concentration of S is eight times greater in sedimentary lithologies (19) . Thus, the development of a thick regolith on continental interiors in the absence of glacial erosion and the preferential weathering of S-rich sedimentary and ophiolitic rocks on continental margins, where tectonic uplift could facilitate physical removal of regolith, would have limited relative Fe input to the ocean. This mechanism for maintaining high relative S delivery helps to explain evidence for widespread euxinic conditions through the Mesoproterozoic [1.6 to 1.0 billion years ago (20, 21) ].
The association of banded-iron formation (BIF) with Sturtian-age glacial deposits demonstrates that during the glaciation, Fe supply from hydrothermal and continental-weathering sources exceeded sulfide availability (9) . This Fe input removed available oxidants, resulting in anoxia, low sulfate levels, and BIF deposition. Although the presence of BIF associated with the glaciation indicates transient ferruginous conditions, the maintenance of iron-rich deep oceans (10, 11) requires that a high relative flux of Fe continued in the post-glacial period. Ubiquitous continental ice sheets during the Sturtian glaciation would have scoured continental interiors, removing the thick mantle of regolith. The relatively thick Sturtian glacial deposits may represent physical evidence of redeposited regolith that was eroded by dynamic early Cryogenian ice sheets, whereas the relatively thin Marinoan glacial deposits may reflect the activity of stable late Cryogenian ice sheets frozen to scoured bedrock-similar to the Pleistocene evolution of the Canadian Shield and Laurentide ice sheet (22) . When ice sheets retreated during the high CO 2 escape from the early Cryogenian glaciation, the vigorous weathering of freshly exposed continental crust would result in a higher proportional delivery of Fe to S into the ocean than during the preceding 1.5 billion years. This postulated increase in the relative delivery of material derived from continental interiors as compared with continental margins is supported by a steady increase in the 87 Sr/ 86 Sr composition of the ocean after the Sturtian ice age (23) . Because the DOC reservoir does not build up until after the Sturtian glaciation in this model, it predicts that d 13 C org will vary across the immediately pre-Sturtian Islay negative d 13 C carb anomaly (8) . The sudden post-Sturtian increase in weatherability could have led to lower equilibrium atmospheric CO 2 during the Cryogenian without changes to volcanic CO 2 input (Fig. 2C) . Changes in CO 2 are connected to the evolving sensitivity of silicate weathering rates to CO 2 [weatherability (k w )] and the varying fraction of total carbon burial that occurs as organic carbon ( f org ) (14) . High steady-state values of d 13 C carb during the late Tonian have been used to argue that a high f org helped lower CO 2 before glaciation (14) . The prevalence of continental landmass at low latitude that facilitated high f org may have increased k w because of the abundance of silicate rocks associated with Grenville-age orogenic belts in tropical weathering regimes. Landscape disequilibrium associated with Bitter Springsstage rapid true-polar wander (24) and increased delivery of moisture to continental interiors during the opening of incipient ocean basins as Rodinia rifted apart (25) would have further increased k w . Together, these late Tonian changes would have reduced CO 2 enough to initiate Sturtian glaciation. However, it was the Sturtian glaciers themselves that scoured the continents, removing the long-lived Proterozoic regolith, greatly increasing continental weatherability, and setting up a new climatic regime with lower CO 2 , a ferruginous ocean with high d 13 C carb , and a large DOC pool.
Although the close association of the Trezona anomaly below Marinoan glacial deposits has been interpreted as evidence for a causal relationship between the two (14), the glacioeustatic sea level fall related to Marinoan glaciation did not occur until after recovery from the most negative d
C carb values. In some sections, Trezona Formation d
C carb values recover to~0‰ and are followed by more than 100 m of shallowingupward peritidal sandstones before the first glacial deposits, further attenuating the connection between the Trezona anomaly and glaciation. If the increase in k w and sustained high f org of the Cryogenian led to global cooling and oxygen release, the Trezona anomaly could reflect oxygenation of the deep ocean and partial remineralization of the large 13 C-depleted DOC pool, as has been suggested for the ShuramWonoka anomaly. Organic carbon remineralization represents a negative climate feedback, releasing CO 2 and preventing glaciation-which is consistent with the lack of glacioeustatic change during the Trezona anomaly itself. The d curred when the large DOC pool had been reduced in size enough to no longer represent a negative feedback to global climatic cooling.
